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Wuppertal, Germany.Proteins are folded in the endoplasmic reticulum (ER). ER stress initially leads to compensatory
upregulation of ER chaperones and later to apoptosis, but the contribution of biomechanical load
vs. neurohumoral stress to myocardial ER stress is unknown. We show that the ER chaperones
Grp78 and calreticulin (CRT) are upregulated by afterload, but not by preload in vitro and in vivo.
Angiotensin II upregulated ER chaperones in unloaded muscle strips, but the angiotensin recep-
tor-1 antagonist irbesartan did not signiﬁcantly blunt the induction of ER chaperones by afterload.
In monocrotaline-treated rats, Grp78 and CRT were upregulated in the afterloaded right ventricle,
but not in the only neurohumorally stressed left ventricle. These ﬁndings suggest that afterload
but not preload induces myocardial ER stress, largely independent of angiotensin II signaling.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Hemodynamic load plays a dominant role in regulation of myo-
cardial gene expression, particularly during the development of
hypertrophy and the progression to heart failure. Under these con-
ditions, fetal genes like brain natriuretic peptide (BNP) become re-
activated [1] and overall protein synthesis increases [2]. Newly
synthesised membrane and secretory proteins have to be appropri-
ately folded and processed in the endoplasmic reticulum (ER) [3]. A
variety of ER-resident proteins account for the proper folding and
quality control of membrane proteins. An increased amount of
protein processing in the ER and/or the accumulation of folding-
defective proteins, oxidative stress, and disturbances in calcium
homeostasis lead to an accumulation of unfolded proteins, a condi-
tion referred to as ER stress [4]. ER stress triggers the unfolded
protein response (UPR) to maintain ER homeostasis. The UPR is ini-
tially an adaptive response with increased expression of ER chaper-
ones, an acceleration of degradation of unfolded proteins and an
inhibition of protein translation [4,5]. If the duration of ER stress
is prolonged, apoptotic cell death is induced [6–8]. Malfunctionchemical Societies. Published by E
Cardiology and Pneumology,
ert-Koch-Str. 40, D – 37075
(K. Toischer).
GTR-TD-BM Research Center,of the ER may lead to a dilated cardiomyopathy (DCM) [9]. Two
important chaperones typically upregulated by ER stress are the
78 kDa glucose-regulated protein (Grp78, also known as BiP [10])
and calreticulin (CRT [11]).
Okada et al. showed that transverse aortic constriction (TAC) in
mice leads to upregulation of ER-stress genes and apoptosis, while
ER stress was nearly completely blocked by an AT-1-antagonist
[12]. However, their model was not suitable to discriminate
between the pure mechanical effects on the heart and the effects
of the systemic activation of the renin/angiotensin system associ-
ated with aortic banding [13] that may account for load-indepen-
dent effects on myocardial gene expression.
In the present study, we tested the hypothesis that mechanical
load induces ER stress and that this induction depends on the spe-
ciﬁc type of mechanical stimulus (pre- vs. afterload). Furthermore
we attempted to elucidate the potential role of angiotensin II as a
mediator of mechanical load-induced ER stress in the heart.
2. Materials and methods
An expanded materials and methods part can be found in the
online supplementary.
The investigation conforms to the Guide for the Care and Use of
Laboratory Animals (NIH publication no. 85-23, revised 1996). All
animal procedures were approved by the government committee
for animal studies and carried out according to German laws
regarding the care and use of laboratory animals.lsevier B.V. All rights reserved.
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Right ventricular thin papillary muscles were dissected from
heart of female chinchilla bastard rabbits (1.5–2 kg, Charles River,
Kisslegg, Germany) as described [14]. Muscle strips were mounted
in the culture chambers (Scientiﬁc Instruments, Heidelberg, Ger-
many) between a force transducer and a hook connected to a
micrometer drive allowing for length adjustment. The system is
equipped with a servomotor with force-feedback function and al-
lows cultivation of functionally intact multicellular muscle prepa-
rations for up to 48 h at 37 C with physiological protein turnover
maintained [14]. Preparations were allowed to stabilize under con-
tinuous electrical stimulation (1 Hz, 3–5 V) for 1 h and subse-
quently assigned to the different experimental groups: Muscle
strips assigned to group 1 (unloaded) remained completely slack
under otherwise identical conditions. In group 2 (isometric), prep-
arations were stretched progressively over 30 min to a resting ten-
sion of 3 mN/mm2, corresponding to Lmax (at which maximum
tension is developed during isometric contractions). In group 3
(isotonic), preparations were likewise stretched to a resting ten-
sion of 3 mN/mm2 but were allowed to shorten isotonically from
this level of resting tension, corresponding to an afterload of zero.
Isotonic shortening or isometric force development was recorded
continuously over 6 h at the designated loading conditions. At
the end of the incubation period, muscle preparations were har-
vested from the culture chamber, rapidly frozen in liquid N2 in
RNAlater (Qiagen, Hilden, Germany) solution for RNA assays, and
stored at 80 C.
2.2. In vivo animal models
Transverse aortic constriction (TAC) on mice was done in
12 week-old female FVBNmicewith a 27-G cannula as space holder
[15]. Aortocaval shunt operation (Shunt) was done in 12 week-old
female FVBN mice puncture of the aorta with a 23-G cannula
through the vena cava inferior [16]. After removal of the cannula,
the external hole in the vein was closed by a cyanoacrylate glue
(Pattex, Düsseldorf, Germany). Monocrotaline treatment of rats
was used to assess the effect of chronic pressure overload (elevated
afterload) on myocardial gene expression. In these animals, a single
injection of the plant alkaloid monocrotaline causes obliterating
vasculitis of lung arterioles, [17] causing pulmonary hypertension
with subsequent myocardial hypertrophy and eventually RV
failure. Systemic mean blood pressure is unaltered, indicating
normal left ventricular (LV) function, whereas RV systolic pressure
is enhanced [18]. Since the LV is normally loaded, gene expression
changes that occur in RV but not LV myocardium are assumed to be
induced by elevated afterload [19]. Six-week-old male Wistar rats
received a single subcutaneous injection of monocrotaline
(50 mg/kg body wt; MCT group) or an equal volume of solvent
(control group), as previously described [17].
2.3. Pharmacological intervention
ER stress in slack muscles strips was induced by treatment with
the protein glycosylation inhibitor tunicamycin (Sigma, Taufkir-
chen, Germany) at a concentration of 3 lg/ml. Tunicamycin was
dissolved in DMSO (ﬁnal DMSO concentration: 0.5 ll/ml). Recom-
binant human angiotensin II (Sigma) dissolved in H2O was used in
a concentration of 10 nM. The AT1 blocker irbesartan (Sanoﬁ-
Aventis, Frankfurt, Germany) was dissolved in DMSO and used at
a concentration of 1 lg/ml (ﬁnal DMSO concentration: 0.5 ll/ml).
Control muscle strips for the pharmacological intervention experi-
ments were treated with equal amounts of solvent (DMSO or H2O)
in absence of the active ingredient.2.4. Molecular biology
Quantitative mRNA measurement and Western blot experi-
ments were done after standard protocols.
2.5. Mathematical methods
Force values were transferred to tension by normalizing to the
cross-sectional area of a preparation, which was calculated assum-
ing an elliptical cross section using the formula cross-sectional
area = D1/2xD2/2xp, with D1 and D2 representing width and thick-
ness. Gene and protein expressions were analyzed using unpaired
Student t test, with values of P < 0.05 considered statistically signif-
icant. Data are shown with S.E.M.
3. Results
3.1. In vitro induction of ER stress in rabbit muscles strips
To study the effect of acutely elevated mechanical load on ER
stress, we used the model of rabbit isolated right ventricular mus-
cle strips, in which mechanical load and neuroendocrine stimula-
tion can be inﬂuenced independently. Muscle strips were left
unloaded over 6 h and treated with the protein glycosylation
inhibitor tunicamycin which is known to be a potent inductor of
ER stress. After 6 h, the mRNA levels of the ER chaperones Grp78
and CRT were upregulated by 65% and 37%, respectively (each
P < 0.05; Fig. 1A and B), compared to unloaded muscle strips trea-
ted with solvent, while no change in BNP expression level was ob-
served upon treatment with tunicamycin (Fig. 1C). This conﬁrms
that the experimental conditions are suitable to elicit quantitative
gene expression changes of these ER chaperones at the mRNA level
within a period of 6 h.
3.2. Load-dependent induction of ER stress in vitro
Acute effects of mechanical loading on ER stress protein expres-
sion were studied in rabbit isolated muscle strips over 6 h (Fig. 2).
When muscles were stretched and allowed to shorten isotonically
(preload only), no signiﬁcant change in Grp78 and CRT mRNA
expression was observed compared with muscle strips left com-
pletely unloaded for 6 h (Fig. 2A and B), nor was BNP upregulated
(Fig. 2C). In contrast, when muscle strips were stretched (preload)
and contracted isometrically (afterload), Grp78 and CRT were
upregulated by 103% and 63%, respectively (each P < 0.05; Fig. 2A
and B), compared with mechanically unloaded muscle strips. Like-
wise, BNP expression was elevated by a combined pre- and after-
load stimulus (Fig. 2C, P < 0.05).
3.3. Role of angiotensin II
Rabbit isolated muscle strips maintained under completely un-
loaded conditions were treated with exogenous angiotensin II
(10 nM) for 6 h (Fig. 3). Angiotensin upregulated Grp78 and CRT
by 197% and 190%, respectively (each P < 0.05 vs. control, Fig. 3A
and B), compared with unloaded muscle strips incubated in the ab-
sence of angiotensin II. Also BNP was upregulated by angiotensin II
(+507%, P < 0.05, Fig. 3C).
In order to assess whether or not the upregulation of ER chaper-
one proteins by afterload in this study may have been mediated by
paracrine effects of locally released angiotensin II, rabbit isolated
muscle strips were treated with the AT1-receptor blocker irbesar-
tan and then subjected to elevated pre- and afterload (Fig. 4). In
the presence of 1 lg/ml irbesartan, a concentration highly exceed-
ing one that has been demonstrated to completely abolish constric-
tion of rabbit aortic strips by 108 mol/l angiotensin II [20], elevated
Fig. 2. Effect of 6-h unloading (slack h, n = 8), increased preload (isotonic , n = 8)
and increased pre- and afterload (isometric , n = 8) on the mRNA expression of
Grp78 (A), CRT (B) and BNP (C) in rabbit isolated muscles strips.
Fig. 1. Effect of tunicamycin ( , n = 11) on the mRNA expression of Grp78 (A), CRT
(B) and BNP (C) in unstretched rabbit isolated muscles strips after 6 h compared to
control (h, n = 10).
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upregulation of Grp78 mRNA, while mRNA levels still were numer-
ically higher than those of completely unloaded preparations
(Fig. 4A). In contrast, statistically signiﬁcant upregulation of CRT
was present both in irbesartan-treated (+50%; P < 0.05) and control
groups (+70%, P < 0.05, Fig. 4B) subjected to elevated pre- and after-
load. The upregulation of BNP (Fig. 4C: +163% isometric + control vs.
slack + control, P < 0.05) was not inﬂuenced by AT1-receptor block-
ade (+212%, isometric + irbesartan vs. slack + control, P < 0.05).
3.4. In vivo induction of ER stress by mechanical load in mice
Expression levels of ER chaperones were also studied in vivo in
mice subjected to 24 h of either pressure (TAC) or volume overload
(Shunt) (Fig. 5). Consistent with the results from the 6-h in vitro
experiments, ER chaperones were only induced by elevated after-
load (TAC): pressure overload caused upregulation of Grp78 andCRT by 66% and 35%, respectively (each P < 0.01, Fig. 5A and B),
compared to Sham-operated mice. In the animals having under-
gone the aorto-caval shunt procedure, no signiﬁcant change of
the expression levels of Grp78 or CRT was observed after 24 h of
elevated preload (Fig. 5A and B). Eight weeks after TAC, when the
mice developed heart failure (functional data not shown), a clear
upregulation of CRT by 178% and Grp78 by 134% could be seen
(each P < 0.01, Fig. 5A and B). At the protein level after 24 h also
a slight upregulation of Grp78 (+15%, P < 0.05, Fig. 5C and D) was
visible. CRT protein expression was numerically increased in TAC
(+12%), but the difference was not statistically signiﬁcant
(P = 0.15, Fig. 5C and E).
3.5. ER stress in the monocrotaline model of chronic pressure overload
in rat
We analyzed gene expression in left and right ventricles of
monocrotaline-treated rats (MCT) 3 weeks after treatment with
Fig. 3. Effect of angiotensin ( , n = 6) on the mRNA expression of Grp78 (A), CRT (B)
and BNP (C) in unstretched rabbit muscles strips after 6 h compared to control (h,
n = 6).
Fig. 4. Effect of irbesartan on the afterload-induced upregulation of ER-stress
proteins. mRNA expression of Grp78 (A), CRT (B) and BNP (C) in unstretched
(slack + control, h, n = 12) and isometric stretched rabbit muscle strips with
(isometric + irbesartan, , n = 10) and without (isometric + control, , n = 10)
irbesartan.
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mRNA-expression analysis by realtime-PCR showed an upregula-
tion of BNP in both ventricles of MCT rats (RV + 973% P < 0.01,
LV + 391% P < 0.05; Fig. 6A), compared to Con rats. In MCT rats,
both CRT and Grp78 mRNA were upregulated in the right ventricle
(Fig. 6B) but not in the left ventricle (Fig. 6C). Protein analysis re-
vealed no changes in ER-stress protein expression in the left ventri-
cle but signiﬁcant upregulation of CRT and Grp78 in the right
ventricle of MCT rats, compared to control rats (Fig. 6D–F). These
ﬁndings indicate that the predominant inductor of ER stress is bio-
mechanical load.
4. Discussion
Our study shows that elevated biomechanical load induces ER
stress to become manifest at the molecular level in myocardium.
We could demonstrate that: (1) increased afterload caused upreg-
ulation of calreticulin and Grp78 in both isometrically contracting
isolated rabbit myocardium in vitro and in mouse left ventriclesfollowing aortic constriction in vivo. (2) The effect of elevated
afterload on calreticulin expression was not signiﬁcantly blunted
in the presence of an angiotensin II type 1 receptor blocker. (3) Ele-
vated preload alone does not cause upregulation of calreticulin and
Grp78 expression in both isotonically contracting rabbit isolated
muscle strips and volume-overloaded left ventricular myocardium
of mice with an aorto-caval shunt mice. (4) ER stress was present
only in the pressure-overloaded right ventricular myocardium of
monocrotaline-treated rats, while no upregulation of the molecular
ER-stress markers occurred in the non-overloaded left ventricle.
In the monocrotaline model, ER stress was only visible in the
overloaded and neuroendocrine-stimulated right ventricle, but not
in the left ventricle that was subject to neuroendocrine stimulation
Fig. 5. mRNA expression of Grp78 (A) and CRT (B) in mice after increase of afterload (TAC, , n = 6 after 24 h, n = 6 after 8 weeks) or preload (Shunt, , n = 6 after 24 h)
compared to control animals (Sham h, each n = 6–7); (C) example of Western blots from TAC animals; (D) protein expression of Grp78 normalized to GAPDH 24 h after TAC
(Sham h (n = 7), TAC , (n = 8)); (E) protein expression of CRT normalised to GAPDH 24 h after TAC (Sham h (n = 5), TAC , (n = 7)).
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induction.
The observation that irbesartan failed to signiﬁcantly suppress
the effect of afterload on calreticulin expression also suggests that
the effect of elevated afterload on calreticulin expression must
have been mediated by factors largely independent of angiotensin
II. This is in contrast to previous ﬁndings by Okada et al., who de-
scribed ER stress in mouse myocardium following aortic constric-
tion. In their model, upregulation of calreticulin and Grp78 was
completely abolished by angiotensin II type 1 receptor blockade
[12]. However, the effects of aortic constriction in vivo are notlimited to the pressure overload but also include activation of
the systemic renin–angiotensin II system [13]. Systemically pro-
duced angiotensin II may exert direct autocrine effects on the
myocardium.
We previously observed a similar degree of myocardial hyper-
trophy with both chronic volume and pressure overload [21].
Because protein synthesis [22] and thus also its associated chal-
lenge on the protein-folding capacity of the ER are increased in
both volume and pressure overload, the induction of Grp78 and
CRT does not appear to be an inevitable consequence of increased
protein synthesis. We hypothesize that under our experimental
Fig. 6. mRNA and protein expression of BNP, Grp78 and CRT in right and left ventricle of MCT rats (MCT-RV, , MCT-LV, , respective controlsh, each n = 5): (A) left and right
ventricular mRNA expression of BNP; (B) left and right ventricular mRNA expression of Grp78; (C) left and right gene ventricular mRNA expression of CRT; (D) example of
Western blots from left and right ventricle; (E) left and right ventricular protein expression of Grp78 and (F) left and right ventricular protein expression of CRT.
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increase in protein synthesis triggered by elevated preload, while
in the presence of elevated afterload additional factors appear to
result in a mismatch between protein synthesis demand and pro-
tein-folding competence, thereby causing ER stress. The upregula-
tion of ER chaperones would be a suitable mechanism to overcome
this mismatch and thus can be considered adaptive.
One such factor impacting on the protein-folding competence of
the ER is the luminal calcium concentration in the ER. The function
of the myocardial SR Ca2+ ATPase (SERCA2a) is essential for Ca2+
homeostasis within the endoplasmic reticulum which, in turn, is
a critical factor for the structure and function of Ca2+-binding ER
chaperones like calreticulin or calnexin [23]. Induced downregula-
tion of SERCA in transgenic mice led to an induction of ER stress[24]. We have previously shown that afterload-induced upregula-
tion of BNP counteracts the preload-induced and calcineurin-med-
iated increase in the expression of SERCA2a [25–27]. This
upregulation of SERCA2a by preload in the isotonic stretched mus-
cles strips after 6 h might help to keep the intraluminal ER Ca2+
concentration normal and might therefore protect the cells from
ER stress.
In summary, we have demonstrated that both biomechanical
overload and angiotensin II independently of each other can induce
ER stress in the myocardium and that elevated afterload is required
to trigger upregulation of ER stress proteins while preload alone
does not cause such a response. ER stress-induced apoptosis may
be one of the deleterious factors by which hypertrophy caused
by pressure overload eventually progresses to heart failure.
K. Toischer et al. / FEBS Letters 586 (2012) 1363–1369 1369Sources of funding
This work was supported by the Deutsche Forschungsgemeins-
chaft (Grant KFO 155 TP1 (G.H. – HA 1233/8-1) and Graduierten-
kolleg 521 (H.K. and S.K.).
Conﬂict of interests
None declared.
Acknowledgments
We are grateful to Brigitte Korff, Anika Hunold and Sabrina
Wollborn for excellent technical assistance.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.febslet.
2012.03.055.
References
[1] Wei, C.M., Heublein, D.M., Perella, M.A., Lerman, A., Rodeheffer, R.J., McGregor,
C.G., Edwards, W.D., Schaff, H.V. and Burnett Jr., J.C. (1993) Natriuretic peptide
system in human heart failure. Circulation 88, 1004–1009.
[2] Sugden, P.H. and Fuller, S.J. (1991) Regulation of protein turnover in skeletal
and cardiac muscle. Biochem. J. 273, 21–37.
[3] Ron, D. and Walter, P. (2007) Signal integration in the endoplasmic reticulum
unfolded protein response. Nat. Rev. Mol. Cell Biol. 8, 519–529.
[4] Minamino, T., Komuro, I. and Kitakaze, M. (2010) Endoplasmic reticulum
stress as a therapeutic target in cardiovascular disease. Circ. Res. 107, 1071–
1082.
[5] He, B. (2006) Viruses, endoplasmic reticulum stress, and interferon responses.
Cell Death Differ. 13, 393–403.
[6] Xu, C., Bailly-Maitre, B. and Reed, J.C. (2005) Endoplasmic reticulum stress: cell
life and death decisions. J. Clin. Invest. 115, 2656–2664.
[7] Glembotski, C.C. (2008) The role of the unfolded protein response in the heart.
J. Mol. Cell. Cardiol. 44, 453–459.
[8] Fu, H.Y., Okada, K., Liao, Y., Tsukamoto, O., Isomura, T., Asai, M., Sawada, T.,
Okuda, K., Asano, Y., Sanada, S., Asanuma, H., Asakura, M., Takashima, S.,
Komuro, I., Kitakaze, M. andMinamino, T. (2010) Ablation of C/EBP homologous
protein attenuates endoplasmic reticulum-mediated apoptosis and cardiac
dysfunction induced by pressure overload. Circulation 122, 361–369.
[9] Hamada, H., Suzuki, M., Yuasa, S., Mimura, N., Shinozuka, N., Takada, Y., Suzuki,
M., Nishino, T., Nakaya, H., Koseki, H. and Aoe, T. (2004) Dilated
cardiomyopathy caused by aberrant endoplasmic reticulum quality control
in mutant KDEL receptor transgenic mice. Mol. Cell. Biol. 24, 8007–8017.
[10] Kozutsumi, Y., Segal, M., Normington, K., Gething, M.J. and Sambrook, J. (1988)
The presence of malfolded proteins in the endoplasmic reticulum signals the
induction of glucose-regulated proteins. Nature 332, 462–464.
[11] Llewellyn, D.H. and Roderick, H.L. (1998) Overexpression of calreticulin fails to
abolish its induction by perturbation of normal ER function. Biochem. Cell Biol.
76, 875–880.[12] Okada, K., Minamino, T., Tsukamoto, Y., Liao, Y., Tsukamoto, O., Takashima, S.,
Hirata, A., Fujita, M., Nagamachi, Y., Nakatani, T., Yutani, C., Ozawa, K., Ogawa,
S., Tomoike, H., Hori, M. and Kitakaze, M. (2004) Prolonged endoplasmic
reticulum stress in hypertrophic and failing heart after aortic constriction:
possible contribution of endoplasmic reticulum stress to cardiac myocyte
apoptosis. Circulation 110, 705–712.
[13] Yagi, S., Kramsch, D.M., Madoff, I.M. and Hollander, W. (1968) Plasma renin
activity in hypertension associated with coarctation of the aorta. Am. J.
Physiol. 215, 605–610.
[14] Janssen, P.M., Lehnart, S.E., Prestle, J. and Hasenfuss, G. (1999) Preservation of
contractile characteristics of human myocardium in multi-day cell culture. J.
Mol. Cell. Cardiol. 31, 1419–1427.
[15] Hu, P., Zhang, D., Swenson, L., Chakrabarti, G., Abel, E.D. and Litwin, S.E. (2003)
Minimally invasive aortic banding in mice: effects of altered cardiomyocyte
insulin signaling during pressure overload. Am. J. Physiol. Heart Circ. Physiol.
285, H1261–H1269.
[16] Scheuermann-Freestone, M., Freestone, N.S., Langenickel, T., Höhnel, K., Dietz,
R. and Willenbrock, R. (2001) A new model of congestive heart failure in the
mouse due to chronic volume overload. Eur. J. Heart Fail. 3, 535–543.
[17] Kay, J.M., Harris, P. and Heath, D. (1967) Pulmonary hypertension in rats
produced by the ingestion of Crotalaria spectabilis seeds. Thorax 22, 176–179.
[18] Seyfarth, T., Gerbershagen, H.-P., Giessler, C., Leineweber, K., Heinroth-
Hoffmann, I., Pönicke, K. and Brodde, O.E. (2000) The cardiac b-
adrenoceptor-G-protein(s)-adenylyl cyclase system in monocrotaline-treated
rats. J. Mol. Cell. Cardiol. 32, 2315–2326.
[19] Kögler, H., Hartmann, O., Leineweber, K., van Nguyen, P., Schott, P., Brodde,
O.E. and Hasenfuss, G. (2003) Mechanical load-dependent regulation of gene
expression in monocrotaline-induced right ventricular hypertrophy in the rat.
Circ. Res. 93, 230–237.
[20] Morsing, P., Adler, G., Brandt-Eliasson, U., Karp, L., Ohlson, K., Renberg, L.,
Sjöquist, P.O. and Abrahamsson, T. (1990) Mechan9stic differences of various
AT1-receptor blockers in isolated vessels of different origin. Hypertension 33,
1406–1413.
[21] Toischer, K., Rokita, A.G., Unsöld, B., Zhu, W., Kararigas, G., Sossalla, S., Reuter,
S.P., Becker, A., Teucher, N., Seidler, T., Grebe, C., Preuss, L., Gupta, S.N.,
Schmidt, K., Lehnart, S.E., Krüger, M., Linke, W.A., Backs, J., Regitz-Zagrosek, V.,
Schäfer, K., Field, L.J., Maier, L.S. and Hasenfuss, G. (2010) Differential cardiac
remodeling in preload versus afterload. Circulation 122, 993–1003.
[22] Delcayre, C., Samuel, J.L., Marotte, F., Best-Belpomme, M., Mercadier, J.J. and
Rappaport, L. (1988) Synthesis of stress proteins in rat cardiac myocytes 2–4
days after imposition of hemodynamic overload. J. Clin. Invest. 82, 460–468.
[23] Michalak, M., Robert Parker, J.M. and Opas, M. (2002) Ca2+ signaling and
calcium binding chaperones of the endoplasmic reticulum. Cell Calcium 32,
269–278.
[24] Liu, X.H., Zhang, Z.Y., Andersson, K.B., Husberg, C., Enger, U.H., Ræder, M.G.,
Christensen, G. and Louch, W.E. (2011) Cardiomyocyte-speciﬁc disruption of
Serca2 in adult mice causes sarco(endo)plasmic reticulum stress and
apoptosis. Cell Calcium 49, 201–207.
[25] Kögler, H., Schott, P., Toischer, K., Milting, H., van Nguyen, P., Kohlhaas, M.,
Grebe, C., Kassner, A., Domeier, E., Teucher, N., Seidler, T., Knöll, R., Maier, L.S.,
El-Banayosy, A., Körfer, R. and Hasenfuss, G. (2006) Relevance of brain
natriuretic peptide in preload-dependent regulation of cardiac sarcoplasmic
reticulum Ca2+ ATPase expression. Circulation 113, 2724–2732.
[26] Toischer, K., Kögler, H., Tenderich, G., Grebe, C., Seidler, T., van Nguyen, P.,
Jung, K., Knöll, R., Körfer, R. and Hasenfuss, G. (2008) Elevated afterload,
neuroendocrine stimulation, and human heart failure increase BNP levels and
inhibit preload-dependent SERCA upregulation. Circ. Heart Fail. 1, 265–271.
[27] Toischer, K., Teucher, N., Unsöld, B., Kuhn, M., Kögler, H. and Hasenfuss, G.
(2010) BNP controls early load-dependent regulation of SERCA through
calcineurin. Basic Res. Cardiol. 105, 795–804.
